Drosophila MSL-2 is the limiting component of the dosage compensation complex. Female flies must inhibit msl-2 mRNA translation for survival, and this inhibition is mediated by Sex-lethal (SXL) binding to sites in both the 5 and the 3 untranslated regions (UTRs). Here, we uncover the mechanism by which SXL achieves tight control of translation initiation. SXL binding to the 3UTR regulatory region inhibits the recruitment of 43S ribosomal preinitiation complexes to the mRNA. Ribosomal complexes escaping this block and binding to the 5 end of the mRNA are challenged by SXL bound to the 5UTR, which interferes with scanning to the downstream initiation codon of the mRNA. This failsafe mechanism thus forms the molecular basis of a critical step in dosage compensation. The results also elucidate a two step principle of translational control via multiple regulatory sites within an mRNA.
Introduction
Translational control of gene expression is crucial for a large number of processes in development, such as spermatogenesis, axis formation, neurogenesis, and X chromosome dosage compensation (Wickens et al., 2000; Kuersten and Goodwin, 2003) . In contrast to the control of global mRNA translation, which is usually achieved by the modulation of the activity of general translation factors (Sonenberg and Dever, 2003) , the temporal or spatial regulation of the translation of specific mRNAs is typically governed by interactions between RNA binding proteins and regulatory sequences within the 5# and/or the 3# untranslated regions (UTRs) of the mRNA (Wilkie et al., 2003) . These interactions are usually inhibitory and interfere with translation initiation (Gebauer and Hentze, 2004) , which is frequently the rate-limiting step of translation.
Translation initiation begins with the formation of a 43S preinitiation complex, composed of the small 40S ribosomal subunit, a set of eukaryotic initiation factors (eIFs) and methionine-charged initiator tRNA. In the cap-dependent mode of translation initiation, this complex is attracted by the 5# m 7 GpppN cap structure through the cap binding complex eIF4F (Gingras et al., 1999) . After binding to the 5# end of the mRNA, the 43S preinitiation complex scans along the 5#UTR until it reaches the initiation codon, where it forms a stable 48S initiation complex (Kozak, 1989) . Finally, hydrolysis of two GTP molecules bound to the initiation factors eIF2 and eIF5B allows the large 60S ribosomal subunit to join the 48S initiation complex and form a translation-competent 80S ribosome (Pestova et al., 2000a) .
Since recruitment of the 43S preinitiation complex to the 5# end of the mRNA is commonly the rate-limiting step in the initiation pathway (Mathews et al., 2000) , it is not surprising that many translational regulators, including both 5# and 3#UTR binding proteins, target this early step (Gebauer and In Drosophila, translational control of male-specific lethal 2 (msl-2) mRNA is essential for the survival of female flies (Kelley et . These results raised the question of whether SXL controls the recruitment of the 43S preinitiation complex to the 5# end of the mRNA and/or the subsequent scanning along the 5#UTR. Furthermore, it is unclear whether both UTRs work together to establish an inhibitory mRNP that interferes with a single initiation step or whether the two UTRs act separately, possibly targeting two distinct steps of initiation. Here, we show that SXL acts as a bifunctional translational regulator. Our data reveal that SXL bound to the 3#UTR of msl-2 mRNA interferes with the initial recruitment of the 43S preinitiation complex to the mRNA, while 5#UTR bound SXL stalls residual scanning 43S complexes upstream of its binding site. This "failsafe" mechanism explains how tight control of MSL-2 expression is achieved to ensure the viability of female flies.
Results

and 3UTR Bound SXL Proteins Interfere with Translation Initiation Prior to 48S Initiation Complex Formation
The msl-2 mRNA contains two SXL binding sites within the 5#UTR and four binding sites within the 3#UTR (sites A-F, Figure 1A) . Furthermore, the msl-2 5#UTR harbors five uORFs. Using a Drosophila embryo in vitro translation system that faithfully recapitulates the critical features of SXL-mediated translational repression of the msl-2 mRNA, it was previously shown that inactivation of the upstream initiation codons neither affected the translation rate of the msl-2 ORF nor influenced translational regulation mediated by SXL binding to the mRNA . Further investigations also demonstrated that SXL binding site B in the 5#UTR and sites E and F in the 3#UTR are sufficient for effective inhibition of translation . SXL bound to these three sites inhibits the stable association of 40S ribosomal subunits with the mRNA . To investigate whether the inhibition of 48S initiation complex formation is the result of a joint function of both 5# and 3#UTR bound SXL or whether it can be independently achieved by SXL bound to either UTR, we generated constructs containing mutations of either site B or sites E and F.
Translation of the wild-type mRNA (BSEF, for site B short ORF sites EF, Figure 1A Figure 2D ). Reduction of 48S initiation complex formation is also observed, albeit less efficiently, when SXL is restricted to bind either to the 5# or to the 3#UTR of the mRNA ( Figures 2B and 2C, red lines) . This shows that 5# and 3#UTR bound SXL can independently interfere with translation initiation prior to 48S complex formation.
Interestingly, the repressed mRNPs redistribute to different positions in the gradient depending on whether SXL acts from the 5# or the 3#UTR. Inhibition mediated by the 5#UTR shifts the repressed mRNP into a light fraction (peak in fraction number 16, Figure 2C ). By contrast, translational repression via the 3#UTR binding sites is associated with mRNAs that sediment as unusually heavy RNP particles between fractions 11 and 16 (compare red lines in Figures 2B and 2C and Figures S1B and S1C in the Supplemental Data available with this article online). The efficiently repressed BSEF mRNPs redistribute in a fashion that reflects the integral of the two single-site mutants (Figures 2A and  S1A) . As predicted from the data in Figure 1B , mRBD does not interfere with 48S initiation complex formation on BSEF and BS(EF)m mRNAs (Figures 2A and 2C ), indicating that SXL inhibits BSEF mRNA translation by the bona fide mechanism. We conclude that binding of SXL exclusively to the 5# or the 3#UTR suffices to interfere with translation initiation prior to stable 48S initiation complex formation and that the efficiency of inhibition is strongly increased when both UTRs function simultaneously. . These results reflect the predictions made for the involvement of a scanning block in that translational repression by SXL is partially derepressed when translation initiates upstream of the B site. However, we noted that translation from the uAUG is still significantly inhibited by SXL. This may suggest that SXL can also inhibit translation elongation in the context of the uAUG constructs. Alternatively, it could reflect SXL control of a step in addition to scanning when operating from both its 5# and 3#UTR binding sites.
and 3UTR Bound SXL Targets Two Distinct Initiation Steps
To distinguish between these two alternatives, we next examined whether SXL binding to either region contributes to a single regulatory mechanism or whether 5# and 3#UTR bound SXL proteins act through different mechanisms targeting distinct initiation steps. We ana- We conclude that the different inhibition patterns of Figures 2A and 2B) , initiation on the upstream AUG of the BSEF-u⌬AUG and BmSEFu⌬AUG mRNAs is affected almost identically, demonstrating that site B fails to contribute to inhibition in this context (compare Figures 5A and 5B) . Importantly, SXL bound only to site B completely fails to affect 48S initiation complex formation on the upstream AUG ( Figure  5C ). These results provide strong functional evidence for a scanning block imposed by SXL bound to the 5#UTR without interfering with the initial 43S complex recruitment.
To obtain direct physical evidence for the regulatory mechanisms implicated in the respective functions of the 5# and 3#UTR, we established a toeprint assay to identify translation complexes that bind to the mRNA in the Drosophila embryo extract. To this end, translation complexes were allowed to assemble on mRNAs bearing the 5# or 3#UTR regulatory sites in the presence or absence of SXL. Annealing of a primer to the ORF and subsequent extension by reverse transcription identifies cDNA products arrested at the leading edge of bound ribosomal complexes. Figure 6A, lanes 6 and 8) . By all criteria, this toeprint is specific to site B-mediated inhibition, including the lack of this toeprint from the reaction containing mRBD instead of SXL ( Figure 6A, lane 9) . These results provide direct physical evidence for a stalled complex.
Our model of the scanning block mechanism implies that SXL bound to the 5#UTR blocks scanning 43S complexes whereas translating 80S ribosomes traverse the SXL binding site unhampered. To directly test this mechanistic model, we investigated the ability of SXL Figure 6B, lane 6) . In agreement with the fact that SXL binding to the B site does not inhibit translation from the uAUG (Figures 3 and 4) , this result shows that the mechanism exerted by SXL bound to site B inhibits 43S scanning while being unable to hinder translating 80S ribosomes.
Analysis of the 3#UTR regulatory mechanism by toeprinting on BmSEF mRNA shows a different picture, as predicted by the functional data. While toeprint formation at the AUG codon is also inhibited by SXL ( Figure  6C , compare lanes 5 and 7 with lanes 6 and 8), no SXL toeprints or complexes stalled within the 5#UTR can be detected. While SXL binding to site B caused a small increase in the signal of recruited 43S complexes at the 5# end, which may indicate "queuing" behind the stalled scanning complex (Figure 6A ), SXL binding to the 3#UTR effectively inhibits this toeprint ( Figure 6C, lanes  6 and 8) . Importantly, SXL does not cause this effect on BmS(EF)m mRNA that lacks the 3#UTR binding sites ( Figure 6C, lane 10) .
Taken together, the toeprint experiments provide direct physical evidence for a scanning block imposed (lanes 1, 3, 5, and 7),  SXL (lanes 2, 4, 6, and 8 by 5#UTR bound SXL. To the best of our knowledge, a physiological example of scanning being regulated by an RNA binding protein has not been reported before. Furthermore, the inhibition of the 5# end proximal toeprint by SXL bound to the E and F sites ( Figure 6C ), in combination with the fact that 3#UTR-mediated inhibition by SXL is independent of the 5# B site and the position of the AUG (Figures 3-5) , demonstrates that SXL bound to the 3#UTR interferes with the initial recruitment of the small ribosomal subunit. Therefore, the molecular basis of the efficient inhibition of msl-2 translation by SXL rests on an integrated mechanism with a block of two consecutive initiation steps, mediated separately by the 5# and the 3#UTRs of the msl-2 mRNA.
Discussion
We have investigated how SXL silences translation of the msl-2 mRNA. In female flies, this regulation prevents the formation of the dosage compensation complex and thus deleterious hypertranscription of the two female X chromosomes. Our results define the molecular basis of this critical regulatory step. They also reveal a mechanism of translational control that is based on the integration of two separable components. Individually, each of the two components provides insights into functional properties of 5# and 3# regulatory complexes to interfere with translation initiation, and each of these two components appears to be mechanistically unprecedented.
SXL Controls Dosage Compensation as a Bifunctional Translational Regulator
In male flies, MSL-1 and MSL-2 mediate the assembly of the DCC on the single X chromosome, which is thought to spread along the entire chromosome promoting an w2-fold increase in transcription levels (Gilfillan SXL bound to either UTR of msl-2 mRNA inhibits translation by interfering with initiation prior to 48S complex formation (Figures 1 and 2; Gebauer et al.,  2003) . Furthermore, this work shows that the two regulatory regions independently interfere with translation initiation by different means (Figures 3-5) . Earlier evidence suggested that the roles of SXL bound to the 5#UTR and the 3#UTR, respectively, are noninterchangeable: first, the 5#UTR SXL binding site B cannot substitute for sites E and F when introduced into the 3#UTR (Gebauer et al., 2003) . Second, UV-crosslinking experiments identified at least one protein that is recruited by SXL specifically to the 3#UTR (Grskovic et  al., 2003) . The crosslinks require the sequences that flank the E and F sites (see Figure 7) , and RNA competition experiments functionally implicated this 3#UTR binding protein in SXL-mediated translational control; by contrast, crosslinks to the 5#UTR are limited to SXL itself (Grskovic et al., 2003) . The simplest interpretation of this earlier work was that both UTRs engage in a functional and perhaps physical interaction to block the stable engagement of the small ribosomal subunit with the mRNA at a single step.
This work now reveals that such a simple assumption is incorrect. Rather than forming a single repressor complex that targets one step in the initiation pathway, SXL acts as a bifunctional regulator: 3#UTR bound SXL inhibits translation from cap-proximal and cap-distal AUGs identically well (Figure 3) , while 5#UTR bound SXL can only function when it binds upstream of the initiation codon (Figures 3-5) . Based on these data and direct physical evidence provided by the toeprint experiments (Figure 6 ), we conclude that SXL bound to the 3#UTR impedes the initial recruitment of 43S complexes to the mRNA while 5#UTR bound SXL stalls scanning 43S complexes upstream of its binding site.
How does SXL binding to the B site achieve a scanning block? Apparently, SXL hinders the transit of 43S complexes across site B ( Figure 6A ). Steric hindrance of ribosomal scanning has been proposed for IRP/IRE complexes that were introduced w100 nucleotides downstream from the cap structure of a reporter mRNA (Paraskeva et al., 1999) . However, scanning inhibition by SXL bound to the B site does not appear to follow a simple steric mechanism, i.e., to be imposed solely by high affinity mRNA binding. mRBD fails to repress translation or stall scanning 43S complexes, although it binds to site B with an affinity as high as that of SXL (Figures 1-3 and 6) . Furthermore, tethering of a λ peptide-SXL fusion protein to a BoxB element replacing SXL binding site B in the 5#UTR of msl-2 mRNA does not inhibit translation despite the high affinity of the λ peptide-BoxB interaction .
Therefore, we propose that SXL regulates scanning either by altering the 5#UTR secondary structure and/ or promoting the formation of a higher-order assembly on the B site. Such a complex could then act as a (steric) roadblock to scanning, without being able to halt elongating 80S ribosomes ( Figure 6B ). Alternatively, SXL and potential interacting proteins may specifically interfere with the function of a translation initiation factor or the small ribosomal subunit which is required for scanning but not for translation elongation. Interestingly, site B is composed of 16 uridine residues that could be bound by a SXL dimer ( The cartoon illustrates the two early translation initiation steps, 43S complex recruitment, and subsequent scanning of the 5#UTR. Note that translational repression of the msl-2 mRNA by the 3#UTR repressor complex involves an additional factor X that has been shown to be recruited by SXL depending on the sequences flanking sites E and F but remains to be identified . The 3#UTR corepressor complex blocks 43S preinitiation complex recruitment independently of 5#UTR bound SXL. Those 43S complexes that escape this block are subsequently challenged by SXL bound to the 5#UTR, which inhibits ribosomal scanning.
Maskin, Cup, and Bicoid block the recruitment of the 43S complex by interfering with the assembly of eIF4F at the cap structure (Richter and Sonenberg, 2005) . However, SXL-mediated inhibition is independent of the cap structure , implying that the 43S complex recruitment block imposed by SXL is different from that mediated by these regulators.
We noticed that 3#UTR-mediated translational inhibition by SXL involves the accumulation of the repressed mRNA within unusually heavy RNP particles (see Figures 2, 5, and S1 ). Interestingly, SXL has previously been found in large, RNase-sensitive complexes sedimenting faster than bulk mRNPs in sucrose density gradient experiments (Samuels et al., 1994 ). An attractive possibility is that SXL in association with the 3#UTR corepressor (X in Figure 7) nucleates a large repressor complex or that the 3#UTR repressor complex promotes the multimerization of mRNPs leading to the formation of mRNP clusters. Multimerization of mRNPs has been observed during the localization of translationally silent bicoid mRNA to the anterior pole of the Drosophila oocyte (Ferrandon et al., 1994, 1997) . Clustered mRNAs may be less accessible to the translation initiation machinery, providing a possible mechanism of 3#UTR-mediated inhibition of 43S complex recruitment independent of mRNA-specific 3# to 5# end communication. 
A Failsafe Mechanism of Translational Control
Experimental Procedures Plasmids
The BSEF, BS(EF)m, and BmS(EF)m plasmids have been described . To obtain BmSEF, a SacI/HpaI fragment containing the B site in the BSEF plasmid was replaced by a similar fragment originating from the BmS(EF)m plasmid.
To generate the plasmids BSEF-uAUG, BmSEF-uAUG, BS(EF)muAUG, and BmS(EF)m-uAUG, the sequence ATTA (positions 31-34) in the 5#UTR of the above described plasmids was changed to ATGG by oligonucleotide-directed mutagenesis. In these plasmids, the ATG at position 100-102 was then changed to ATT by oligonucleotide-directed mutagenesis to obtain BSEF-u⌬AUG, BmSEFu⌬AUG, BS(EF)m-u⌬AUG, and BmS(EF)m-u⌬AUG.
In Vitro Transcription and Translation
RNAs were synthesized as described (Gebauer et al., 1999) . All mRNAs contained a 5# m 7 GpppG cap and a poly(A) tail of 73 nucleotides. The 5# B probe was transcribed from the BSEF-uAUG plasmid linearized with SmaI.
Drosophila embryo extracts were prepared and cell-free transla-tion reactions carried out as previously described (Gebauer et al., 1999) . In vitro translation reactions were performed with each 65 fmol of the template mRNA and the control CAT mRNA in a final volume of 10 l. GST-SXL or GST-mRBD was added at a 0×, 6×, 20×, or 40× molar excess with respect to the template mRNA. Translation products were immunopreciptitated with monoclonal α-Flag (Sigma) and monoclonal α-CAT antibodies and separated on a 15% denaturing polyacrylamide gel. Translation efficiencies were quantified by 2D densiometry using a phosphorimager.
Recombinant Protein
Proteins were expressed in E. coli as GST fusions and purified as described previously . GST-mRBD was dialyzed against 20 mM HEPES (pH 8.0), 0.2 mM EDTA, 20% glycerol, 1 mM DTT, 0.01% NP40, and GST-SXL against the same buffer containing 100 mM KAc. 
Sucrose Density Gradient Analysis
